Abstract. Hydraulic characteristics were measured in artificial streams and in 1st-to 5th-order streams in the Appalachian and Cascade mountains. Appalachian Mountain stream sites at Coweeta Hydrologic Laboratory, North Carolina, were on six 1st-order streams and a 1st-through 4th-order gradient of Ball Creek-Coweeta Creek. Cascade Mountain sites were located on constrained and unconstrained reaches of Lookout Creek, a 5th-order stream in H. J. Andrews Experimental Forest, Oregon. At each site, a tracer solution (chloride or rhodamine WT) was released for 30-180 min and then discontinued. At the downstream end of the release site, 'the resulting rise and fall of the tracer concentration was measured. These data, along with upstream concentration and measured widths and depths, were used in a computer model to estimate several hydraulic parameters including transient storage and lateral inflow. Estimated transient storage zone size (A,) ranged from near zero in artificial streams to 2.0 m' in 5th-order streams. A, was largest relative to surface crosssectional area (A) at 1st-order sites where it averaged 1.2 x A, compared with 0.6 x A and 0.1 x A in unconstrained and constrained 5th-order sites, respectively. Where measured, lateral discharge inputs per metre of stream length ranged from 1.9% of instream discharge in 1st-order streams to 0.05% of instream discharge at 5th-order sites. Our results show that surface water exchange with storage zones is rapid and extensive in steep headwater streams and less extensive but still significant at 3rd-through 5th-order sites. An understanding of relationships between stream morphology, storage zone size, and extent of interactions between surface and subsurface waters will assist comparisons of solute dynamics in physically diverse streams.
Solute dynamics often play a critical role in streams because many solutes (e.g., phosphorus and nitrogen) are present in short supply and thereby regulate primary and secondary productivity (Stream Solute Workshop 1990) . Ad-• ditionally, linkages between terrestrial and aquatic ecosystems and between upstream and downstream reaches of streams strongly influence solute concentrations (Meyer et al. 1988) . Evaluation of solute transport characteristics in physically complex, small mountain streams has typically been attempted with short-term tracer and nutrient releases (Stream Solute Workshop 1990) . These studies (e.g., Elwood et al. 1981 , Elwood et al. 1983 , Mulholland et al. 1985 , Triska et al. 1989 , Mulholland et al. 1990 , Munn and Meyer 1990 , Hart et al. 1992 ) primarily focused on discov-' Present address: Institute of Ecology, University of Georgia, Athens, Georgia 30602 USA ering processes that influence transport and transformation of biologically reactive solutes, and were limited by an inability to separate and quantify physical and biological determinants of solute transport.
Recent applications of transport equations (Fischer et al. 1979 , Bencala and Walters 1983 , Hart et al. 1990 ) to solute transport in streams allow us to explain transport dynamics quantitatively in terms of relationships between physical characteristics (e.g., geomorphology, flow and substrate) and hydraulic variables (e.g., dispersion, transient storage, transient storage exchange rate, and lateral inflow). A combination of tracer studies and solute transport simulations provides a means to quantitatively separate physical and biological controls, smooth out small scale variability, and compare studies done at different scales (Stream Solute Workshop 1990) .
We suggest that dispersion, transient storage (pockets of slow water movement), transient [Volume 12 storage exchange rate, and lateral inflows are important hydraulic variables that reflect stream physical characteristics and determine both nonreactive and reactive solute dynamics. Dispersion and the exchange rate between the main channel and transient storage zones should respond to properties such as discharge, velocity, and channel cross sectional area, which correlate with stream order. Transient storage zone size should be influenced most by the presence or absence of instream complexity (e.g., leaves, wood, boulders). Inflow of water from lateral and sub-surface areas is expected to be a function of stream geomorphology (i.e., constrained versus unconstrained reach types), substrate and streambank porosity, total sub-surface water volume and flow, and height of the water table.
Our objective was to use short-term tracerrelease studies coupled with a solute-transport computer model to quantify these hydraulic variables. We focused on how small scale physical obstructions (e.g., presence or absence of leaves) in artificial streams, stream order and discharge in 1st-through 4th-order natural streams, and geomorphic complexity in 5th-order streams affect the following hydraulic variables: dispersion, transient storage zone crosssectional area, transient storage exchange coefficient, and lateral inflow. These hydraulic parameters should both reflect longitudinal changes in physical characteristics and assist in identifying those changes that are most important in determining solute transport dynamics.
Methods

Field sites
Solute releases were conducted in outdoor artificial streams, with and without leaves, and at sites on 1st-through 5th-order natural streams at low and high flows (Table 1) . Outdoor artificial streams at Coweeta Hydrologic Laboratory, Macon County, North Carolina, were constructed of 15-m lengths of 20-cm wide plastic drain pipe and had a slope of 2%. The bottoms of the streams were layered with fine gravel to a depth of about,2 cm. Initial releases were conducted in the streams containing only gravel. Additional releases were conducted after loose dogwood or oak leaves (300 g AFDM / m2) were evenly distributed throughout the streams . Water depth ranged from 0.5 cm along stream edges to 3 cm at mid-channel.
Natural streams were studied at Coweeta Hydrologic Laboratory and at H. J. Andrews Experimental Forest, Lane County, Oregon. Streams studied at Coweeta are 1st-order streams with flows of 0.5-5.0 L/s that drain mixed-hardwood (n = 3) or white pine (Pinus strobus) forests (n = 3) that are 35-40 yr old (D'Angelo and Webster 1991). Additional Coweeta sites (n = 5) were located on a 1st-through 4th-order gradient of Ball Creek to Coweeta Creek. Discharges along this gradient ranged from 7 to 276 L/s when sampled.
Stream reaches studied at H. J. Andrews Experimental Forest are in Lookout Creek, a 5th-order stream with flows of 283-2830 L / s, which drains Douglas fir (Pseudotsuga menziesii) forests that are 50-350 yr old. Stream reaches studied were classed as either constrained (n = 5) or unconstrained (n = 2). Constrained reaches of Lookout Creek had ratios of valley floor width to active channel width of 1.3-2.8, while unconstrained reaches had ratios >6.0 (Lamberti et al. 1989) .
Tracer dynamics
Slightly different methods were used in the four studies (artificial streams, 1st-order pinehardwood comparison, 1st-through 4th-order gradient, and constrained vs. unconstrained reaches of Lookout Creek); but in general a solution containing chloride (as NaCI) or rhodamine WT (Lookout Creek) was released into each stream for a period sufficient to allow concentrations to reach a plateau. Time to plateau ranged from 10 to 180 min depending on size of stream and length of reach. Solutions added raised stream chloride from 1 mg /L to 3 mg /L and rhodamine WT from 0 / L to 10 itg / L.
Water samples were taken at the downstream end of the reach at set intervals. When concentrations reached a plateau, samples were also taken at several sites along the reach. Solute input was then discontinued and samples were taken at the downstream site until concentrations returned to near background levels. Cl was analyzed with a Technicon Autoanalyzer-II system using standard methods (APHA 1985) . In the 1st-through 4th-order gradient study in Ball Creek-Coweeta Creek, we measured Cl concentrations in the field with an ion specific elec- trode (Orion model #290A). In Lookout Creek, rhodamine WT was measured in the field with a Turner Designs fluorometer. For 1st-order Coweeta streams and 5th-order H. J. Andrews stream reaches, discharge (Q) was calculated from weir stage-discharge relationships. For Ball Creek-Coweeta Creek 2nd-through 4th-order sites, discharge was calculated from chloride dilution by assuming no lateral inputs over the reach. Channel crosssectional area (A, m2) was calculated from mean depth and wetted channel width. This parameter was used in the model to calculate velocity as Q/ A.
Model development
The model presented here is a modification of a one-dimensional advection-dispersion model (e.g., Thomann and Mueller 1987) . We used the central difference scheme to formulate the finite difference equations and the CrankNicolson implicit method for numerical solutions of equations. The basic model includes advection and dispersion:
where c is solute concentration in surface waters (mg /L), t is time, x is distance (m), u is velocity (m /s), and D is a dispersion coefficient (m2 / s). This equation is valid when discharge (Q, m3 /s) and stream cross-sectional area (A, m2) are constant. The first term in the equation represents downstream transport (i.e., advection; results in spreading (in time) of the pulse of solute passing a downstream point (Fig. 1B) .
The one-dimensional transport model can be expanded by including transient storage and lateral inputs as a pseudo two-dimensional mechanism (i.e., a kinetic submodel with no longitudinal velocity). Bencala (1983) illustrated that storage zones (e.g., behind rocks or in the sediments) can be essential for proper modeling of the descending limb of the solute-time curve:
where c, is the solute concentration (mg / L) in transient storage zones, c, is the solute concentration in lateral inflow (mg/ L), Q L is the lateral volumetric inflow rate (m 3 s m ), and a (1/ s) is a coefficient of exchange with the storage zone area. Equation 3 models the change in solute concentration and must be solved simultaneously with equation 2:
where A, is the cross-sectional area of the storage zone (m2). The transient storage component simulates removal of mass during the rising portion of the curve, temporary storage in transient storage zones, and release back into the stream after the main pulse has passed. This temporary storage and release produces a tail at the end of the solute pulse as typically observed in field data (Bencala and Walters 1983; Fig. 1C) . The transient storage model is based upon the following assumptions: 1) there is no downstream flow in the storage zone; 2) there is uniform and instantaneous distribution of solute within the storage zone; and 3) exchange between zones is a function of concentration and an exchange coefficient (Bencala and Walters 1983) . Storage zones with little downstream flow can be found behind boulders, along stream edges, and in the hyporheic zone of streams. The criteria of uniform, instantaneous distribution of solutes along a concentration gradient between surface and subsurface waters is less likely to be met. However, Bencala and Walters (1983) argue that because solute mass is re- moved and temporarily stored in slow water zones during the rising phase of the pulse, and later returned to main channel flow, a mechanism exists in streams that presents itself as transient storage and can be simulated using these equations. Field data were evaluated with the computer model by subjective curve fitting. Figure 2 is a depiction of theoretical data collected at a site downstream from the solute release and illustrates how parameters were used to fit different portions of the curve. Velocity (calculated from measured variables Q / A) and duration of the solute release were used to produce a square wave depicting when the solute pulse reached and passed the downstream station. Velocity was adjusted to center the square pulse over the data curve. Lateral inflow (QL) dilutes the solute pulse to achieve the peak downstream concentration. Dispersion (D) was then set to produce a leading edge of the curve that matched the data. Finally, subsurface area (A,) and the transient storage exchange coefficient (a) were adjusted to fit the left shoulder of the curve and the descending limb, respectively.
Results
Dispersion was estimated for all streams studied. Before leaves were added, dispersion in the artificial streams was negligible. The slight rounding of the left shoulder of the data curve suggests a very small amount of dispersion or transient storage (Fig. 3A) . Leaves were added to the streams in November, and by March dispersion increased to 0.01-0.02 m2 / s (Fig. 3B) . Dispersion in the artificial streams never exceeded 0.05 m2 / s (Table 2 ). For the natural streams, dispersion was lowest at 1st-order sites and generally increased with stream order (Table 2). Dispersion increased from an average of 0.04 in the 1st-order streams (n = 5) to 0.25 in 2nd-order sites (n = 2), dropped to 0.05 at the 3rd-order site (n = 1), and then increased to 0.2 at the 4th-order site (n = 1) and 2.2 in the 5th-order reaches (n = 9). Dispersion in the natural streams was positively correlated with discharge (r = 0.92, p = 0.0002; Fig. 4A ) and more weakly correlated with velocity (r = 0.51, p = 0.03; Fig. 4B ). The 3rd-order site, in a relatively straight section of stream, does not follow the expected pattern relating dispersion to discharge and velocity.
Transient storage zone size (A" m2) and the exchange rate (a, 1 /s) between A, and A were negligible in the artificial streams. Adding a transient storage component to the artificial stream simulations improved model fit to only one data point (Fig. 3C) . It did noticeably improve the fit in natural streams. Figure 5 shows example data sets and computer simulations for 2nd-order and 5th-order stream sites, respectively. Figures 5A and 5C show model fit to data without inclusion of transient storage zones. Model fit was improved when transient storage zones were included (Figs. 5B, D) . Transient storage zone size ranged from 0.02 m2 at a 1st-order stream site to 2.0 m2 at a 5th-order unconstrained site (Table 2) . Transient storage zone area as a proportion of stream crosssectional area (A, /A) was highest in 1st-order streams (mean = 1.2; SE = 0.41) and least in 5th-order constrained reaches (mean = 0.1; SE = 0.21). In unconstrained 5th-order reaches, how-
ever, A,/ A (mean = 0.58; SE = 0.05) was higher than all except 1st-order sites. Along the gradient of 1st-order through 4th-order sites on Ball Creek, the 1st-order site had the highest A,/A (1.3). A,/A in 2nd-, 3rd-, and 4th-order sites was 0.35, 0.16, and 0.30, respectively. Note that the 3rd-order site has a lower ratio than the 2nd-or 4th-order sites due to a smaller transient storage zone (A,) rather than a larger A. Overall, A, / A was negatively correlated with discharge, with highest A,/A at very low-discharge 1st-order sites, but the relationship was non-linear (Fig. 6A) . A, / A decreased more smoothly in relation to increasing velocity (r = -0.55, p < 0.03) (Fig. 6B) . The solute exchange rate (a) differed greatly between 1st-through 4th-order sites and 5th-order sites. Therefore, we evaluated these site groups separately and in combination. Exchange rate and discharge were negatively correlated when all sites were combined (r = -0.42, p < 0.05), but showed no correlation when 1st-through 4th-order sites were evaluated separately (r 0.59, p = 0.21) from 5th-order sites (r = 0.39, p = 0.37) (Fig. 7A ). There was no correlation overall between the exchange rate and velocity (r = -0.045, p = 0.8), but they were positively correlated when 1st-through 4th-order sites were grouped and evaluated separately (r = 0.82, p < 0.04) from 5th-order sites (r = 0.58, p < 0.08) (Fig. 7B) .
Lateral inflows (m3 s-' m-') were calculated for 1st-order Coweeta streams and H. J. Andrews 5th-order sites (Table 2 ) and were positively correlated with discharge (r = 0.62, p < 0.07; Fig. 8A ). The percentage increase in stream flow per unit length (Q, /Q) was higher in 1st-order streams (mean = 1.7% / m, SE = 1.9) than in 5th-order reaches (mean = 0.005% / m, SE = 0.044; Fig. 8B ).
Discussion
Results from this study demonstrate that quantified model parameters (D, A" and a) reflect differences in stream characteristics such as presence of obstructions (i.e., leaves), stream size (i.e., order), flow, and morphology (i.e., constrained vs. unconstrained), and are useful descriptors for comparisons of diverse and physically complex streams. In our study, dispersion was largely a function of discharge, while transient storage and exchange appeared to be most pronounced in headwater reaches where instream channel complexity (i.e., boulders, leaf packs, and woody debris) is most prevalent. The degree of exchange between the main channel and storage zones was strongly affected by discharge and stream morphology, especially at 5th-order sites where the presence or ab-
[Volume 12 sence of large floodplain areas can strongly influence flow patterns. The influence of discharge and morphology emphasize the need to evaluate solute dynamics both annually and longitudinally when comparing catchments, rather than taking a "snap-shot" approach. Dispersion as used in our study is not identical to classical dispersion defined as turbulent or eddy diffusion because this model incorporates transient storage as an additional mechanism to account for longitudinal spreading. However, classical dispersion and dispersion with transient storage both describe spreading at the leading edge of the curve and reflect the portion of water that arrives downstream faster than the main solute pulse. Up to some threshold, higher discharges in conjunction with instream obstructions may diversify flow paths, thereby increasing dispersion. Our finding that dispersion is strongly related to discharge is in line with the findings of Bencala and Walters (1983) who found strong relationships between dispersion, transient storage, and friction. Fischer et al. (1979) successfully estimated classical dispersion from stream velocity, depth, width, and shear velocity.
Perhaps of greater relevance to accessibility of nutrients for aquatic organisms are interactions between stream cross-sectional area (A, m2), transient storage zone size (A., m2), and transient storage exchange rate (a, 1 /s). A./A provides a measure of storage area cross section relative to stream cross-sectional area. In 1st-order streams, debris dams, boulders, and back- water zones as well as a large and porous hyporheic zone produced relatively large amounts of transient storage (i.e., A./A was greatest in the 1st-order streams examined). A large As/A reflects a high potential for temporary storage of materials during downstream transport, resulting in a longer residence time for solutes and providing a hydrologic contribution to total stream retention. Of additional importance is that these regions of reduced water velocity may be biological "hot-spots": locations where longer residence times allow reactive solutes greater contact with sediments and time for physical, biological, and chemical interactions (Jackman et al. 1984 , Cerling et al. 1990 , Castro and Hornberger 1991 abiotic interactions by longer residence time means that small increases in transient storage may translate into large impacts on overall retention of reactive solutes.
In our study, the ratio of transient storage to stream cross-sectional area (A, / A) decreased downstream, concurrent with increases in velocity and discharge. We suggest two possible explanations for this pattern. First, decreases in in-stream channel complexity (e.g., substrate size and composition, amount of boulders and woody debris) between the headwaters and downstream reaches may result in a decrease in AJ A by eliminating transient storage zones that would have formed behind these obstructions.
Second, transient storage zones may be incorporated into the main current under higher flow conditions, while functioning more independently at low flows. We did not have sufficient data to examine a single site over a range of flow conditions or to evaluate storage zone response to flow. O age zone size during storms and over an annual hydrologic regime will provide useful information on availability of flow refugia for biota, storage areas for nutrients limiting to periphyton, and degree of hyporheic and surface water interaction. In contrast to A,/A, the rate of exchange (a, 1 /s) between the main surface water and the storage zone increased as discharge and velocity increased within a given range of stream orders (1st-through 4th-order, 5th-order groups). A positive relationship between flow and exchange may be a result of increased availability of solute per unit time and flushing of exchange sites at higher flows, as has been observed in algal kinetics studies (Whitford and Schumacher 1964, McIntire 1966) .
Lateral inflows occur as subsurface water moves into the main channel. Quantification of lateral inflow, combined with dispersion and transient storage parameters, provides insight into the degree to which the stream may function multidimensionally (longitudinally, laterally, vertically, and temporally, sensu Ward and Stanford 1989) . Lateral inflow as a percentage of total discharge per metre (Qt /Q) was greater (1.9%/m) at 1st-order sites than at 5th-order sites (0.05%/m) (Fig. 8B) . Therefore, even though lateral inflow (Q L) was greatest in large streams (Fig. 8A) , it may well be more important in small streams, especially during low flows when lateral inflow may provide temperature refugia and nutrient sources (H. Li, Oregon State University, personal communication). During winter months, QL was 0.0 at the 5th-order sites (n = 2). Extremely low to non-existent lateral inflows during winter releases may indicate a decoupling of main channel waters from lateral regions or a reversal of flow patterns, with main channel water entering lateral regions. Lateral inflow into the channel is estimated from dilution of the solute pulse, but this technique cannot identify when there is flow from the main channel to lateral areas.
Comparisons of parameters for 5th-order sites in the Cascade Mountains (H. J. Andrews Forest) did not follow expected downstream patterns obtained from 1st-through 4th-order sites in the Appalachians (Coweeta) for all variables. For example, velocities at the 5th-order sites were similar to those of 1st-through 4th-order sites, whereas discharge was double and dispersion was an order of magnitude greater at 5th-order sites than at the 4th-order sites. A, /A followed the expected downstream decline, but a, rather than increasing, was sometimes more than an order of magnitude lower than the Coweeta sites (Figs. 7A, B) . The apparent discontinuity of downstream trends from Coweeta sites and 5th-order H. J. Andrews Forest sites could be a result of geomorphic differences between the two stream systems (e.g., constrainment, geology, gradient) or could reflect a hydraulic transition zone, where decreases in slope and/or changes in channel dimensions (e.g., wetted perimeter and depth) reduce the exchange rate.
Comparisons of constrained and uncon-0.0300 -0.0100 -■ 0 0 0 00 strained 5th-order stream reaches revealed little difference between most parameters. In marked contrast are values for A, and A,/ A, which were considerably higher in the unconstrained reaches and more closely approximated values for headwater streams. The prevalence of transient storage zones in unconstrained reaches supports predictions that these sections of stream may contain important refuge sites (i.e., slow water areas where organisms may avoid harsher conditions of main flow paths) required for organisms to survive spates or other disturbances (Sedell et al. 1990 ). Our evaluation of conservative solute dynamics in artificial streams and streams from the Appalachian and Cascade mountains revealed patterns and some interesting discontinuities. Artificial streams had the lowest values for dispersion, storage, and exchange parameters because of their simple instream complexity consisting of gravel, leaves, and lack of a hyporheic zone. In natural streams, most parameters (u, Q, QL, D, A, A" and a) increased in magnitude from 1st-order through 4th-order. This increase continued through 5th-order streams for all parameters except a, which exhibited an order of magnitude discontinuity between 4th-and 5th-order sites (notably from different locations, Appalachian and Cascade mountains). In contrast, lateral inflow and subsurface area were greatest in 1st-order streams when examined relative to stream discharge (i.e., QL /Q) 1 :-.2) and cross-sectional area (i.e., A,/A).
We suggest that parameters obtained from conservative solute releases provide information about stream hydraulics and reveal trends that are essential for comparison of solute dynamics in streams of different sizes, from different biomes, without requiring impractical microscale physical measurements. In this study, our evaluation revealed: 1) greater transient storage zone size, exchange rate, and lateral inflows in the headwater streams on a per metre basis; 2) a greater total lateral inflow (QL ) at downstream sites; and 3) that 5th-order unconstrained stream reaches have storage parameters that more closely resemble upstream sites than 5th-order constrained sites. Studies of this type, which relate stream hydraulics to transport processes, and future studies relating catchment land use to hydraulics and transport will allow us to effectively link catchment and nutrient dynamics with stream hydrology and nutrient processes. An understanding of this linkage is critical if we are to evaluate the impacts of changes in stream, riparian, and catchment management practices on transport and transformation of solutes in physically diverse systems.
